The mechanical stability of silicon MEMS dies is strongly influenced by the microfabrication processes, especially grinding, dicing and etching, which leave characteristic damage (defects, cracks, dislocations…) in the substrate material. Specially designed mechanical tests are used to assess the resistance of micro-structures to monotonic and cyclic loading. We report on the development progress of a micromechanical test bench for reliability assessment of microstructures in 2-, 3-and 4-point bending configurations. Strain distributions and defects in micron-sized silicon devices can be investigated by in-situ testing in combination with high-resolution x-ray diffraction measurements for experimentally assessing the strain distribution.
INTRODUCTION
Microfabrication of single crystal silicon allows using its unique combination of high material quality, low density, high Young's Modulus, resistance to fatigue and batch processing with low fabrication tolerances in a wide range of geometries and electro-mechanical applications [1] . However, the quality of the crystal in a finished MEMS device is influenced by the fabrication and packaging processes, many of which introduce defects that deteriorate the mechanical stability of the material. Due to the brittle nature of silicon these defects can lead to catastrophic failure during assembly, packaging and operation.
Die separation methods such as deep-reactive ion etching (DRIE), mechanical blade dicing and laser dicing induce characteristic damage near the cutting lines. Grinding and polishing used for wafer thinning leave scratches and marks on the backside of the wafer. More specifically, blade dicing induces chipping and cracking near the cutting line and laser dicing can lead to cracks and zones with high defect densities near the cut surface [2] . Deep-reactive ion etching is an iterative process in which isotropic etching is alternated with a passivation of the sidewalls, giving rise to near-vertical but scalloped and rough trenches in the silicon by means of which the structures are defined [3] .
By characterization of the failure modes and failure distributions, micromechanical tests support the qualification and optimization of fabrication and die separation processes, allowing to improve the yield and reliability of systems. Because it is prohibitively complex and time-consuming to test all possible geometries used in MEMS devices it is preferable to use test specimens (e.g. straight beams) to predict the failure distribution of structures with arbitrary shapes [4] - [7] . Moreover, this allows benchmarking new technologies and processes against existing fabrication methods. Nevertheless, the mechanical test setup should allow reproducing the strain conditions and sample properties as close as possible to MEMS operation due to the following reasons. First, the distribution of damages varies with the depth of the processed structure. Examples are two-step blade dicing [2] and the variation of the damage with increasing depth of plasma etching [4] , which influences the overall strength of structures.Secondly, cracks initiated at the strained surface and at the strained edges both contribute to the failure distribution of silicon dies [8] . Surface and edge flaws were observed to be the main source of chip fracture in Flip-chip assemblies due to stresses built up by soldering and thermal cycling [9] , [10] . Therefore it is important to reproduce the thickness and the loaded-surface-to-edge ratio (i.e. the width of the sample when the thickness is given) as well as the strain directionality as close as possible when simulating stresses occurring in real devices by mechanical testing.
The applications targeted here are specimens with sub-mm width and thicknesses of 50-500 μm. For instance microfabricated structures used in mechanical watches or macro-MEMS (3D sensors and actuators made from 2D building blocks fabricated from wafers [12] ) can experience very high levels of mechanical strain during assembly and operation. In addition, the constant device miniaturization in advanced technologies leads to dies size which are smaller than 1 mm 2 , for instance in supervisory and RFID circuits.
Numerous test setups for evaluating the mechanical reliability of wafers and chips have been developed and reviewed in [13] - [15] . For testing the effect of grinding and polishing, rotationally symmetric bending tests such as the ball-ring test or the ring-ring tests are suitable [16] . The edges are not loaded in these test geometries and hence they are sensitive to surface damages. Specialized test geometries such as the twist-bending test or the ball-on-edge test are sensitive to (wafer) edge flaws but the distribution of the stress along the edges is very sensitive to the position of the supports and the stress level itself [13] . Miniaturization of the test setup therefore is challenging. The n-point bending tests (n equals to 2, 3 or 4) allow testing for edge and surface flaws simultaneously.
Recently an instrument for displacement controlled two-point bending which allows testing specimens with dimensions similar to typical microfabricated silicon structures has been presented [17] . The specimen was a long, slender beam with a cross-section of 50x50 μm 2 and a length of 5 cm. During the test it was bent in a U-shape and kept between two parallel chucks by its own elasticity. The maximum stress occurred at the apex of the non-linearly bent beam while at the contact points the beam was almost straight. An advantage of this test geometry is therefore that the contact points of the chucks are far away from the areas with maximum stress which prevents fracture due to additional clamping and contact stresses. During the test the two chucks were approached continuously and the elastic force exerted by the specimen on the chucks was monitored until fracture occurred.
As the specimen is fixed by its own elasticity in this test it must be able to support a minimum stress at the beginning of the test. For a specimen of 50 μm thickness is was approximately 1 GPa which is beyond the strengths achievable by standard wafer dicing processes. This study will focus on the further development of this instrument to extend the range of testable yield strengths by implementation of 3-point and 4-point bending. Three-and four-point bending test methods are commonly made in the linear regime where the bending of the specimens is negligible. However, due to the small width and thickness of devices, which can be below 100 μm, the non-linearity of the bending must be considered. Then the experimental setup for the semi-static characterization of the test beams is described before the results are presented and discussed.
BENDING TEST THEORY AND SIMULATIONS
As mentioned above it is important to reproduce fabrication processes and specimen geometries of real devices as close as possible in when evaluating the failure distribution of test specimens such as beams. The length of the beams is less crucial because it can be accounted for by analysis of the Weibull failure distribution. The probability of rupture S in the 2-paramter Weibull distribution is given by [11] 
In (1) the exponent is integrated over the whole stressed surface. This is justified by the assumption that defects at the surface cause fracture; otherwise the integration may run over the stressed volume. The parameters σ, σ 0 , m and k denote the stress at a given position on the surface of the specimen, the characteristic yield strength, the shape parameter of the Weibull distribution and a proportionality factor which equals unity. The parameters σ 0 and m are the characteristic parameters of the failure distribution and depend on the material properties and defect distribution. If the sample length is varied this will increase the total loaded area but not change the defect distribution, and hence σ 0 and m, because they do not vary along the length of the specimen if the cross-section is constant (as is the case for rectangular cuboid dies).
In [18] the non-linearity of three-point bending and four-point bending was analyzed by a spring model with rigid bodies and by finite element analysis (FEA). A reasonable correspondence between the experimental three-point bending and the FEA model was found, but the case of four-point bending has not been experimentally validated. Here the non-linear bending of the specimen was numerically simulated by considering the large deflection of a slender Euler-Bernoulli beam. In the bent beam the outer exposed side is under tensile strain, the inner side is under compression and the neutral centerline is stress-free. The stress increases linearly with the distance from the centerline, and hence thicker specimens are under higher stresses at a given beam curvature than thin specimens. The coordinate system is chosen such that the unconstrained beam is parallel to the x-axis and during the test it is deflected in the y-direction. In all cases the positions of the pins along the x-axis is equidistant. The bending of the beams in the three-point bending is given by the following second order differential equation:
The parameters E, I, F, x, y, θ and μ are the Young's modulus, second moment of inertia, the force acting on the outer pins normal to the beam, the x and y coordinate of a point on the beam centerline, the contact angle of the beam with the outer pins and the static friction coefficient between the pins and the beam, respectively. Equation (2) was numerical solved using a Runge-Kutta approach similar to the technique proposed in [19] for four-point bending: The integration was made starting from the outer pins towards the center of the beam. It was limited to one half or the beam profile due to the symmetry of the profile. For a given contact angle θ an initial guess was made for F and then equation (2) was solved stepwise using the Runge-Kutta algorithm [20] . At the apex of the beam profile its gradient needed to vanish. If this condition was not fulfilled the force F was adjusted and the process iterated until convergence was achieved. In the four-point bending a similar expression for the bending moment M applies but the two zones between the outer and the inner pins and between the inner pins and the center need to be treated separately [19] .
The size of the pins exerting the bending force on the specimens was non-negligible in comparison to the specimen size and because large bending angles were encountered during the tests, the model was extended to account for the effect of the pins on the profile of the bent beam. 
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hree-point ben s were expos ghest deflectio range. In the atability of the slipping motio The experimental data showed a very good agreement with the model with static fiction coefficients of 0.25 and 0.33 for the four-point bending and the three-point bending, respectively. The variation between the two values was presumably due to variations of the surface finish of the aluminum pins. The results obtained show that the instrumental setup for three-point bending and four-point bending provides valuable insights on the mechanical properties and failure distribution of microfabricated specimens under bending loads. By adapting the size of the chucks different stress ranges can be accessed. To exemplify this, Figure 4 shows the experimentally accessible stress ranges for a sample with a thickness of 100 μm. By selecting the appropriate test geometry the mechanical stability of specimens with widely varying yield strengths can be evaluated.
CONCLUSIONS
The development progress of a micromechanical test bench for the reliability assessment of microstructures was reported. The instrument induces a displacement-controlled deformation in 4-point, 3-point and 2-point bending. The mechanical test setup allows reproducing the strain conditions and sample properties such as surface-to-volume ratio and loaded-surface-to-edge radio as well as the fabrication processes as close as possible. In addition, tensile testing geometries and custom-made chucks for testing of specific specimen geometries are available [17] . The instrumental test setup allows quantifying the failure distribution in test structures and functional devices with yield strengths in the full range between 0 and 10 GPa. In addition, in-situ testing in combination with high-resolution x-ray diffraction measurements (HRXRD) can be used to investigate strain distributions and defects in crystalline specimens [17] .
By quantifying the yield strength distributions these methods allow optimizing fabrication and die separation processes. The safety margins of structure geometries and of dicing lines may be reduced which can lead to significantly higher number of devices per wafer, most importantly for small dies with surfaces of below one square-millimeter. Further results on the qualification of laser processes for chip separation using HRXRD combined with micromechanical testing shall be reported on in detail elsewhere.
